Neuropsychological endophenotype approach to genome-wide linkage analysis identifies new susceptibility loci for ADHD on 2q21.1 and 13q12.11. 
Introduction
Attention-Deficit/Hyperactivity Disorder (ADHD; American Psychiatric Association, 1994) is a neurodevelopmental disorder characterised by symptoms of inattention, hyperactivity and impulsivity. Overall heritability estimates exceed 0.70 (Faraone & Doyle, 2000; Smalley, 1997) and are fairly constant across studies conducted worldwide (Faraone et al., 2005) . Research aimed at the molecular genetic basis of the disorder has had some success in identifying susceptibility genes by using information from observable behavioral symptoms (Faraone et al., 2005) . However, thus far the identified candidate genes only make a small contribution to the elevated risk for ADHD and there is a large amount of genetic variance unaccounted for by these findings (Kuntsi et al., 2006b) . Hence, it is to be expected that other, so far unidentified, genes may also increase susceptibility to ADHD.
In the last few years, several ADHD linkage studies have been performed (see overview Asherson et al., 2008) . These scans nominated several genomic regions that might harbour ADHD susceptibility genes, of which those on chromosomes 5p and 17p have been identified most frequently (Asherson et al., 2008) . However, regions of the genome identified by linkage scans on the ADHD phenotype have not all consistently been replicated. Therefore, other approaches to linkage analysis in ADHD are necessary.
It has been proposed that endophenotypes (or intermediate phenotypes), defined as heritable traits that are associated with an increased risk for developing a disorder, may be more suitable for detecting risk genes in ADHD than the disease phenotype (Gottesman & Gould, 2003; Kuntsi et al., 2006b; Waldman, 2005) . First, endophenotypes may be less genetically complex than disease phenotypes because they are etiologically 'closer' to the disease genes than the clinical diagnosis (Gottesman & Gould, 2003; Kuntsi et al., 2006b; Waldman, 2005) . Therefore, using endophenotypic measures instead of (or in addition to) diagnostic measures may result in stronger linkage signals. Second, because most endophenotypes are quantitative traits and not dichotomous entities like Diagnostic and Statistical Manual of Mental Disorders (DSM) diagnostic categories, QTL (Quantitative Trait Loci) linkage analysis can be applied (Szatmari et al., 2007) , which is in general more powerful than methods using categorical phenotypes. Because of this, endophenotypes may prove helpful in identifying novel ADHD genes through linkage analysis; they may also provide more insight into the functional relevance of identified genes for ADHD by shedding light on the neuro(psycho/physio)logical mechanisms.
284
In the current study, we aimed to perform genome-wide linkage analyses on neuropsychological cognitive and motor measures that have shown to be candidate ADHDendophenotypes (Rommelse et al., 2007 (Rommelse et al., a, b, c, d, 2008a . In addition, an overall measure of neuropsychological functioning, to which all ten individual measures are related, was used in the linkage analyses (Rommelse et al., 2008b) . This overall measure may be the most powerful neuropsychological instrument, since a composite score entails less error variance than individual measures. Analyses were performed in the Dutch subsample of the International Multi-centre ADHD Genetics (IMAGE) study comprising 238 DSM-IV combined type ADHD probands, their 112 affected and 195 non-affected siblings.
Methods

Participants
Participants were recruited in the Dutch part of the IMAGE study that aims to identify genes that increase the risk for ADHD using QTL linkage and association strategies (Kuntsi et al., 2006b) .
A total of 238 families with at least one child with the combined subtype of ADHD (proband) and at least one additional sibling (regardless of possible ADHD-status) participated. In addition to 238 probands, 112 affected siblings (64 with combined subtype, 28 with inattentive subtype and 20 with hyperactive-impulsive subtype) and 195 non-affected siblings were ascertained. All children were between the ages of 5 and 19 years and were of European Caucasian descent.
Individuals were excluded if they had an IQ < 70, a diagnosis of autism, epilepsy, brain disorders or known genetic disorders, such as Down syndrome or Fragile-X-syndrome, that might mimic some of the symptoms of ADHD.
The exact screening procedures and measures for phenotyping have been described previously (Brookes et al., 2006) . Briefly, screening questionnaires (parent and teacher Conners' long version rating scales [Conners, 1996] and parent and teacher Strengths and Difficulties Questionnaires [Goodman, 1997] ) were used to identify children with ADHD symptoms. Scores were considered clinical if T-scores 63 were obtained on Conners' ADHD-subscales (DSM-IV Inattention, DSM-IV Hyperactive-Impulsive, and DSM-IV ADHD Total) or scores > 90 th percentile on the SDQ-Hyperactivity scale. Additionally, the Parental Account of Children's Symptoms (PACS) (Taylor, 1986 ) was administered to children scoring clinically on any of the questionnaires. For diagnostic purposes, data of the questionnaires and the PACS were subjected to a standardised algorithm to derive each of the 18 DSM-IV ADHD symptoms, providing operational definitions for each behavioral symptom (for a description see Rommelse et al., 2007a ). Control participants, on which there was reported previously (Rommelse et al., 2007a (Rommelse et al., , b, c, d, 2008a , are not included here, since DNA was not available.
Neuropsychological Tasks
The ten neuropsychological tasks analysed in this study have been described elsewhere (Rommelse et al 2007a (Rommelse et al , b, c, d, 2008a and are presented in Table 15 .1. Based on previous results (Rommelse et al 2007a (Rommelse et al , b, c, d, 2008a , the variable, which showed optimal results in the endophenotypic analyses (i.e. familial, associated with ADHD and associated with an increased genetic risk for ADHD), was chosen for linkage analyses. The neuropsychological task variables were normalized and standardized into z scores using a Van der Waerden transformation 
Genotyping and Data Cleaning
Full description of DNA extraction is provided by Brookes et al. (2006) 
Data Analyses
Multivariate QTL linkage was examined for eight of ten individual task measures that showed a heritability estimate > 20%, as well as for the component score. Age was used as a covariate, since it had shown a large effect on neuropsychological performance (Rommelse et al., 2007a (Rommelse et al., , b, c, d, 2008a ). In addition, Conners' parent and teachers ADHD Total scaled subscales were both used as covariates, to prevent spurious association findings for SNPs and neuropsychological measures confounded by ADHD effects. Merlin-regress software was used for the multivariate linkage analyses, which implements a regression-based procedure using trait-squared sums and differences to predict Identity by Descent (IBD) sharing between relative pairs (Abecasis et al., 2002; Sham et al., 2002) . With the population distribution parameters of mean, variance and heritability specified, this method can be applied to selected samples with similar statistical power compared to the variance component linkage tests (Zhou et al., 2008) . The population parameters of mean, variance and heritability of each measure were based on a control sample (N = 271) consisting of sibling pairs described in previous studies (Rommelse et al., 2007b (Rommelse et al., , c, d, 2008a . Heritability estimates were estimated using the linear mixed model implemented in SOLAR (Almasy & Blangero, 1998). Models were adjusted for age, sex and Conners inattention and hyperactivity-impulsivity subscales. Parameters of the task variables are presented in Table   15 .2. Since the linkage disequilibrium between adjacent SNPs can lead to inflated LOD scores, we applied the criteria of r2 < .05 between SNPs to cluster SNPs into combined markers (Abecasis & Wigginton, 2005; Zhou et al., 2008) . Empirical p-values were derived using Merlin software by running 1,000 simulations under the null hypothesis of no linkage, while preserving the original phenotypes, family structures, allele frequencies, Linkage Disequilibrium (LD) structure and missing data pattern (Abecasis et al., 2002; Zhou et al., 2008) . In each simulated data set, linkage was defined as peak LOD scores equal or higher than the experimental LOD score rounded down to the nearest one decimal value (e.g. if experimental LOD score was 3.99 the empirical LOD score was 3.9). Note. a Mean and variance based on control sample consisting of sibling pairs described elsewhere (Rommelse et al., 2007b (Rommelse et al., , c, d, 2008a . b Heritability models were adjusted by age, sex and parent and teacher based Conners questionnaires. c Proportion of variance due to all final covariates according to SOLAR models. The results of our study suggest new candidate genes for ADHD neuropsychological endophenotypes in the two significantly linked chromosomal regions on chromosomes 2 and 13.
Results
These loci have not been previously reported in linkage studies using ADHD phenotypic measures. The 2q locus may be of special interest for neuropsychological functioning in ADHD, since the linkage signal for the combined neuropsychological score overlapped with that of Motor Timing. The highest LOD score for Motor Timing was observed at SNP rs985162, which lies in a "gene desert" flanked by two hypothetical genes of unknown function, LOC151121 and LOC402102. Since the peak LOD score for the component score did not coincide with the peak score for Motor Timing, we selected a region of approximately 25 cM defined by the 1-LOD drop of the highest component score peak, proximally, and that of the highest Motor Timing peak, distally, to search for candidate genes. According to the UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/hgGateway) 64 annotated (RefSeq) genes were present in this region. Several interesting candidate genes were found, which are listed in Table 4 . Within the linkage peak on chromosome 13, 23 annotated genes were present, of which two may be possible candidate genes for neuropsychological dysfunctions in ADHD (Table 15. TUBA3 family play in this context, but they are expressed in the brain and possibly their function is related to that of the TUBA1 gene family. 
SCTR
Coding for a G protein-coupled receptor possibly involved in autism.
CNTNAP5
Gene product functions as a cell adhesion molecule and receptor in the nervous system.
BIN1
May be involved in synaptic vesicle endocytosis in the central nervous system.
PTPN18
Involved in cell growth and differentiation in the brain. 
FGF9
Encodes a fibroblast growth factor with a possible role in glial cell development in the nervous system.
Comparability of Our Results with Earlier ADHD Linkage Studies
Previous ADHD linkage studies have used categorical measures of ADHD or quantitative measures of ADHD symptom scores to search for novel loci (Arcos-Burgos et al., 2004; Asherson et al., 2008; Bakker et al., 2003; Faraone et al., 2007b; Fischer et al., 2002; Friedel et al., 2007; Hebebrand et al 2006; Jain et al., 2007; Romanos et al., 2008; Ogdie et al., 2003 Ogdie et al., , 2004 Smalley et al., 2002; Zhou et al., 2008) . Among the most reproducible linkage findings in these studies is the locus on 17p (Asherson et al., 2008) . This region has been hypothesized as being for a dichotomous measure of ADHD (12p13) (Fischer et al., 2002) . This suggests that 12p12-p13 may harbour loci that relate to overall neuropsychological dysfunctioning and disorders characterised by impaired impulse control.
Comparability of Our Results with Reading Disability and Autism Linkage Studies
Two disorders may be of particular interest to consider in light of our linkage results: reading Tiffin- Richards et al., 2007; Toplak et al., 2003; Waber et al., 2000) and the underlying brain activation patterns during working memory tasks and motor timing tasks have also been reported to be abnormal in RD (Nicolson et al., 1999; Vasic et al., 2008) . These overlapping findings may suggest that loci on 2p25 and 3p24-p25 may harbour pleiotrophic loci that relate to deficits in working memory and motor timing seen in patients with ADHD and those with RD.
Several overlapping regions were found between our study and those performed in autism as described in a recent review (Yang & Gill, 2007) . The two most interesting loci are 13q12 and 14q32, which were related to Digit Span (verbal working memory) in our study and have been linked to autism (Yang & Gill, 2007) . However, verbal working memory has generally been found to be intact in autism (Williams et al., 2005 (Williams et al., , 2006 . It may be possible that loci on 13q12
and 14q32 have an effect on both ADHD and autism, but this effect is not comparable for both disorders (only in ADHD is this effect mediated by verbal working memory deficits). Such a differential effect may account for the fact that both disorders frequently co-occur (and partly have a common etiology), yet can be distinguished in their neuropsychological and phenotypical presentation. Additional overlap with autism was found on 4q35, for the Time Test (Yang & Gill, 2007) . We are not aware of a task similar to the one used here to have been administered to children with autism to assess their time reproduction abilities. However, given the fact that time reproduction is heavily related to executive functions (Rommelse et al., 2007a) , and that abnormalities in prefrontal circuits and executive functions have been found in autism (Loveland et al., 2008) , it may be expected that time reproduction is impaired in children with autism.
Lastly, the loci on 3p24 for Visuo-Spatial Sequencing (visuo-spatial working memory) and on 12q23 for the Stop Task (inhibition) were in the vicinity of the linkage signals on 3p25 and 12q24 reported repeatedly in relation to autism (Yang & Gill, 2007) . Deficits in the underlying brain activation patterns of visuo-spatial working memory and inhibition have indeed been reported in autism (Geurts et al., 2005; Silk et al., 2006; Sinzig et al., 2008; Steele et al., 2007) .
In sum, several loci linked to neuropsychological traits in our study have been reported previously in linkage studies in RD and autism, providing preliminary directions for future studies into the shared biological pathways of these disorders with ADHD.
Comparability of Our Results with Linkage Studies Using Neurocognitive Measures
No studies have been published applying a similar approach as the current study, using influenced by multiple genes (Risch & Merikangas, 1996) , it seems possible that the same gene influences both measures. In any case, the data suggest that chromosome 2q is particularly important for neurocognitive functioning in developmental disorders, the more so since this region has also been linked to autism (Rabionet et al., 2004) .
Strengths and Limitations
Strengths of the study include a sample size that was comparable or larger than those of other ADHD linkage studies and a sound basis on endophenotypic viability of the neuropsychological tasks established in previous studies (Rommelse et al., 2007a (Rommelse et al., , b, c, d, 2008a Furthermore, all analysed neuropsychological measures did fulfil endophenotypic criteria, as was previously established (Rommelse et al., 2007a (Rommelse et al., , b, c, d, 2008a , and were thus in principle useful for linkage analysis. Even though the neuropsychological measures used here were selected based on their relevance in ADHD pathology, additional measures tapping into reward sensitivity and delay aversion may further add to the genetic underpinnings of neuropsychological deficits in ADHD reported here. Finally, although we reached genomewide significance within some traits, we did not correct our results for the multiple comparisons required when several traits are examined.
Conclusions
In conclusion, candidate neuropsychological ADHD-endophenotypes proved useful in linkage analyses in ADHD: Two novel genome-wide significant (2p21.1 and 13q12.11) and ten suggestive linkage signals have been found. These results suggest that candidate neuropsychological ADHD-endophenotypes may aid in the discovery of novel ADHD genes through linkage analyses. Endophenotype approaches may increase power to detect susceptibility loci in other complex disorders, too. The identified loci in the current study may be targeted in future studies to gain a more detailed understanding into the genetic architecture of neuropsychological deficits in ADHD, including the mediating and moderating role of environmental factors and gene-environment interactions may play. 
